
1 

EOMES is responsible for WNT memory and can substitute for WNT in mesendoderm specification 

Anna Yoney1,2,4,5, Lu Bai3,4, Ali H. Brivanlou2,*, Eric D. Siggia1,* 

1Center for Studies in Physics and Biology, The Rockefeller University, New York, NY 10065, USA 

2Laboratory of Stem Cell biology and Molecular Embryology, The Rockefeller University, New York, NY 

10065, USA 

3Department of Biochemistry and Molecular Biology, Department of Physics, Center for Eukaryotic Gene 

Regulation, The Pennsylvania State University, University Park, PA, 16802, USA 

4Contributed equally 

5Current address: Department of Genetics and Development, Columbia University, New York, NY 10032 

*Correspondence: brvnlou@rockefeller.edu (A.H.B.), siggiae@rockefeller.edu (E.D.S) 

 

Abstract 

Embryogenesis is guided by a limited set of signaling pathways that are reused at different times 

and places throughout development. How a context dependent signaling response is generated 

has been a central question of developmental biology, which can now be addressed with in vitro 

model systems. Our previous work in human embryonic stem cells (hESCs) established that pre-

exposure of cells to WNT/β-catenin signaling is sufficient to switch the output of ACTIVIN/SMAD2 

signaling from pluripotency maintenance to mesendoderm (ME) differentiation. A body of previous 

literature has established the role of both pathways in ME differentiation. However, our work 

demonstrated that the two signals do not need to be present simultaneously and that hESCs have 

a means to record WNT signals. Here we demonstrate that hESCs have accessible chromatin at 

SMAD2 binding sites near pluripotency and ME-associated target genes and that WNT priming 

does not alter SMAD2 binding. Rather our results indicate that stable transcriptional output at ME 

genes results from WNT-dependent production of an additional SMAD2 co-factor, EOMES. We 

show that expression of EOMES can replace WNT signaling in ME differentiation, providing a 

mechanistic basis for WNT-priming and memory in early development. 
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Introduction 

Understanding self-renewal vs differentiation of human embryonic stem cells (hESCs) is a critical 

step in elucidating human development. The ACTIVIN/NODAL signaling pathway, mediated by 

transcription factors SMAD2/3, plays dual roles in this process. On one hand, nuclear SMAD2/3 

promotes the expression of pluripotency factors OCT4 and NANOG and is essential for hESC 

pluripotency maintenance (James et al. 2005; Vallier, Alexander, and Pedersen 2005; Vallier et 

al. 2009); on the other hand, in combination with WNT/β-catenin signaling, SMAD2/3 can induce 

hESC differentiation into primitive streak and mesendoderm (ME) derivatives (Sumi et al. 2008; 

Singh et al. 2012; Loh et al. 2014; Funa et al. 2015; Estarás, Benner, and Jones 2015), including 

human organizer tissue (Martyn et al. 2018). Our previous paper revealed that the exit of 

pluripotency in the latter case requires a signaling cascade of WNT acting upstream of ACTIVIN: 

hESCs “primed” with WNT for 24 hours with subsequent exposure to ACTIVIN can differentiate 

into ME cells, while each signaling pathway alone is unable to induce this differentiation (Yoney 

et al. 2018). We also showed that ACTIVIN induces transient influx of SMAD2 into the nucleus 

and that the SMAD2 nuclear entry/exit dynamics are not affected by the WNT stimulation (Yoney 

et al. 2018). It is, thus, unclear how WNT priming alters the hESC response to SMAD2 signaling 

to give rise to the ME fate.   

  

There are a few molecular mechanisms, which could explain our observation of signal priming of 

hESCs. WNT signaling can generate a co-factor that physically interacts with SMAD2 to stabilize 

its binding on DNA and/or direct it to different genomic loci (Funa et al. 2015); it can introduce a 

coactivator that does not affect SMAD2 binding but enhances SMAD2 activity at the 

transcriptional level (Estarás, Benner, and Jones 2015); it may inhibit a SMAD2 repressor, 

allowing it to activate ME specific genes; finally, WNT may induce epigenetic changes of 

chromatin that facilitate SMAD2 binding and/or transcriptional activation. Previous studies on ME 

differentiation have typically applied WNT and ACTIVIN/NODAL simultaneously (Sumi et al. 2008; 
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Loh et al. 2014; Estarás, Benner, and Jones 2015; Martyn et al. 2018). Our finding that these two 

signaling pathway can be temporally separated provides new ways to decouple and manipulate 

the differentiation process. Here, using our stepwise protocol, we investigated the mechanism of 

coordination between WNT and ACTIVIN during ME differentiation. 

 

Results 

WNT functions temporally up-stream of ACTIVIN to specify mesendoderm. We have 

previously shown that WNT and ACTIVIN signaling are both required to induce ME from 

pluripotent hESCs but that the signals can be presented in temporal succession: 24 h WNT3A 

(WNT) followed by 24 h ACTIVIN A (ACTIVIN or ACT) (Yoney et al. 2018). With this protocol 

(WNT à ACT), we observed significant reduction of SOX2 expression and strong induction of ME 

marker genes, BRACHYURY, EOMES, and GSC (Figure 1A–B). WNT signals appeared to 

“prime” cells rather than cause a stable fate change since the pluripotency markers OCT, NANOG 

and SOX2 but no ME markers were detected at the protein level after 24 h of WNT (Yoney et al. 

2018). Although EOMES and BRA transcripts were induced by 24 h of WNT, these levels were 

significantly lower than those induced by WNT followed by ACTIVIN (Figure 1B). Furthermore, 

when cells were primed with WNT and then cultured in base medium (E7) without WNT or 

ACTIVIN for an additional 24 h, ME transcript levels did not continue to increase (Figure 1B) nor 

was protein expression detected (Yoney et al. 2018). These features characterize what we call 

the WNT-primed state of hESCs. 

 

Differentiation protocols often use a small molecule, CHIR99021 (CHIR), in place of recombinant 

WNT protein to activate the canonical pathway (Kunisada et al. 2012; Naujok et al. 2014). CHIR 

inhibits GSK3, thus preventing it from triggering the degradation of the WNT signaling effector β-

CATENIN. Our standard WNT priming assay worked similarly with 24 h CHIR presentation 

followed by 24 h ACTIVIN, indicating that priming happens at the level of β-CATENIN stabilization 
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or downstream of it (Figure S1A). In our protocol we cultured single cells in base medium 

overnight prior to WNT priming in order remove SMAD2-activating signals that are present in 

hESC maintenance cultures. Therefore, in order to address the possibility that cells require both 

signals in close succession but not in a particular temporal order, we treated cells with ACTIVIN 

for 24 hours, washed, and then immediately stimulated with WNT for an additional 24 h. We did 

not observe ME induction using the reverse order or with either signal alone (Figure S1B). Taken 

together, these results demonstrate that WNT priming through β-CATENIN acts up-stream of 

ACTIVIN signaling to specify the ME fate. 

 

In other  studies, 1-2 days of WNT stimulation or GSK3 inhibition was sufficient to induce BRA 

protein expression (Funa et al. 2015; Martyn, Brivanlou, and Siggia 2019; Diaz-Cuadros et al. 

2020). We attribute the absence of BRA protein in our protocol to the use of low-density cell 

culture, which we hypothesize prevents cells from responding to endogenously produced WNT 

and ACTIVIN/NODAL ligands and consequently reduces the level of BRA transcripts produced 

after 24 h of exogenous WNT. To test this hypothesis, we treated cells grown in confluent 

micropatterned cell culture with the same conditions that we used to define the WNT primed state 

in low-density cultures (Figure 1A). We detected expression of BRA, EOMES, and GSC at the 

protein level after 24 h of WNT, which in the case of EOMES and GSC increases further after an 

additional 24 h in ACTIVIN or E7 (Figure S2A–B). Cells positive for ME markers were enriched at 

the colony borders as expected from our previous studies on WNT and TGFβ signaling in this 

system (Warmflash et al. 2014; Etoc et al. 2016; Yoney et al. 2018; Martyn, Brivanlou, and Siggia 

2019). ME markers were strongly reduced when micropatterned colonies were treated with WNT 

in the presence of inhibitors of ACTIVIN/NODAL signaling, SB431542 (SB), and endogenous 

WNT secretion, IWP-2, and cells instead remained pluripotent as indicated by the maintenance 

of SOX2 (Figure S2C–D). These results imply that the activity of endogenous signals account for 
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differences in timing of ME differentiation between high- and low-density hESC cultures and 

demonstrate that low density cultures allow for more precise manipulation of signals. 

 

Global transcriptome analysis reveals that WNT priming regulates the expression of a 

small subset of SMAD2/3-target genes. The above experiments confirm our original 

observation that hESCs have a differential transcriptional response to ACTIVIN with or without 

WNT priming. We then performed bulk RNA-sequencing on the complete set of conditions (Figure 

1A) to examine the transcriptional response at the genome-wide scale. The 1212 genes that 

showed a significant change in expression in at least one of the conditions relative to 24 h in E7 

(n=2 biological replicates, adjusted P-value < 0.01) were clustered by their response across all 

conditions (Figure 1C). Among all differentially expressed genes, we observed a significant 

change in 189 of them after 24h of WNT presentation (n = 2 biological replicates, adjusted P-

value < 0.01). Highly induced genes in the 24 h WNT condition, including EOMES, BRA, and 

NODAL, partially reverse to their basal level after a subsequent 24 h in E7 without WNT or 

ACTIVIN, which further supports our hypothesis based on rt-PCR and immunofluorescence data 

that WNT signals prime cells rather than cause them to undergo a stable fate change (Figure 1B 

and Figure S1A–B). 24 h ACTIVIN induced mild transcriptional changes. Importantly, for the 

pluripotency maker genes, including NANOG, OCT4, SOX2, and KLF4, their expression either 

remained constant or was upregulated in both the WNT and ACT conditions, confirming the lack 

of differentiation with either signal alone. When ACTIVIN was applied subsequent to WNT, we 

observed more extensive changes in the global transcriptional response, including 661 

upregulated genes and 383 downregulated genes, which implies more extensive differentiation 

of the cells to ME. Overall, the RNA-seq results are consistent with the rt-PCR measurements in 

Figure 1B. 
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In our previous study we showed that the application of ACTIVIN to the hESCs induces transient 

translocation of SMAD2 and SMAD4 into the nucleus, which elicits a transcriptional change in 

~3500 genes (Yoney et al. 2018). Many of the differentially expressed genes are activated rapidly 

following SMAD2/4 translocation, suggesting that they are direct targets of these transcription 

factors. Among the genes that are activated within 4 h after ACTIVIN presentation, most of them 

quickly return to their pre-stimulation level with the drop in SMAD2/4 nuclear concentration 

(pulsing genes), while a small fraction shows sustained expression (stable genes). We further 

divided the pulsing and stable genes based on how they responded to WNT priming (Figure S3). 

We found 93 pulsing and 20 stable genes that show significantly higher mRNA levels in WNT à 

ACT condition compared to WNT à E7 (primed) or E7 à ACT (pluripotent) conditions, indicating 

that these genes respond to the cooperative signaling of WNT and ACTIVIN. This group of 113 

genes includes EOMES, BRACHYURY, GSC, MIXL1, GATA6 and NODAL, which is consistent 

with previous reports that β-CATENIN and SMAD2/3 co-regulate expression of genes that are 

expressed within the primitive streak and ME derivatives (Estarás, Benner, and Jones 2015; Funa 

et al. 2015). The remaining 2285 pulsing and 35 stable genes that we identified in our previous 

RNA-seq dataset did not change their long-term behavior, i.e., at 24 h after ACTIVIN, following 

WNT priming (Figure S3).  

 

In summary our genome-wide transcriptional analyses support the idea that WNT reversibly 

primes pluripotent hESCs for differentiation and that together, WNT and ACTIVIN drive cells 

towards a committed ME fate. We were able to unbiasedly identify groups of ACTIVIN/SMAD2 

target genes, whose transcriptional response is affected by WNT priming. In our subsequent 

analyses, we will compare groups of ACTIVIN/SMAD2 target genes, those that are WNT priming 

dependent vs independent, with respect to additional features, including the presence of other 

transcription factor (TF) binding sites and changes in chromatin accessibility, in order to further 

dissect the mechanism of WNT priming. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.05.01.442278doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.01.442278
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

 

Cells retain a memory of WNT priming. Motivated by the observations of “WNT memory” in 

other species ranging from flies to frog (Blythe et al. 2010; Alexandre, Baena-Lopez, and Vincent 

2013), we further explored our original hypothesis that hESCs also possess the ability to record 

WNT signals. In order to demonstrate extended WNT memory, we stimulated cells with WNT for 

24 h, followed by one day in medium lacking WNT or ACTIVIN (E7) before switching to ACTIVIN 

for 24 h. We included SB to prevent the cells from responding to endogenous ACTIVIN/NODAL 

signals as the cell density increases. As we have previously shown, SB treatment during WNT 

priming had little effect on the subsequent induction of ME markers by ACTIVIN (Figure 1D) 

(Yoney et al. 2018). WNT priming in the presence of SB followed by an additional day in E7+SB 

and then ACTIVIN also resulted in the induction of the ME markers EOMES and BRA and loss of 

pluripotency as indicated by the down regulation of SOX2 (Figure 1D). We observed a quantitative 

reduction in the “memory” with respect to the level of EOMES induction and SOX2 repression. 

Nevertheless, these results show that WNT priming of hESCs is retained for at least 24 h after 

removal of the signal, which is on the order of one cell cycle, and points to a mechanism of WNT 

memory that is slowly lost in individual cells. 

 

SMAD2 binds to the same loci with or without WNT priming. In our previous study, we found 

that the SMAD2 concentration and nuclear entry-exit dynamics are not affected by WNT priming 

(Yoney et al. 2018). Consistent with this result, the RNA-seq data above show that WNT only 

primes a small fraction of ACTIVIN target genes, indicating that WNT does not globally modify 

SMAD2 activity. How then does WNT priming modify the cellular response to ACTIVIN?  

 

SMADs have weak DNA specificity and often rely on co-factors to be directed to target regions 

on the genome in a cell-type specific manner (Massagué 2012). For example, SMAD2 binding in 

hESCs depends on OCT4 and NANOG, but during endoderm differentiation it is recruited to 
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different genomic loci through interactions with EOMES and GATA6 (Teo et al. 2011; Brown et 

al. 2011; Li et al. 2019). We therefore first tested the hypothesis that WNT priming causes SMAD2 

to bind to different genomic locations. We analyzed the SMAD2/3 ChIP-seq data in Kim et al., 

2011 (ChIP in H9 ESCs in conditioned media, which is close to our E7/ACT condition) and in 

Tsankov et al., 2015 (ChIP in ME cells generated with WNT + ACT treatment for 12 h, which is 

close to our WNT/ACT condition). Surprisingly, despite the difference in transcriptional profile, 

SMAD2/3 ChIP-seq peaks are largely overlapping between these two conditions (Figure 2A), 

which is consistent with previous SMAD2/3 ChIP analyses in pluripotent hESCs vs hESC derived 

endoderm cells (Brown et al. 2011). For example, the mRNA levels for GSC, MIXL1, CER1, and 

GATA4 are orders of magnitude higher in WNT/ACT than E7/ACT condition, but their SMAD2 

ChIP-seq patterns are very similar in these two conditions (Figure S4).  

 

The published SMAD2/3 ChIP data were performed in cell lines and conditions that are different 

from ours. In addition, they assayed binding at time points that are late relative to the peak SMAD2 

nuclear accumulation following ACTIVIN stimulation (Yoney et al. 2018). To verify that the same 

conclusions can be drawn in our experimental conditions and to examine the possibility that WNT 

priming influences SMAD2 binding at earlier time points, which could result in differences in 

transcript levels at later time points, we selected a few SMAD2 binding regions near genes that 

respond to WNT priming (GSC, CER1, and NODAL) and carried out ChIP-qPCR measurements 

(Figure 2B). For all genes tested, we observed an increase in SMAD2 binding at 2 h relative to 

24 h following ACTIVIN presentation. However, the level of binding is comparable with or without 

WNT priming. This analysis indicates that higher SMAD2 nuclear concentration promotes SMAD2 

binding at target genes. However, SMAD2 binding per se is not correlated with transcriptional 

output and corresponding changes in cell fate. 
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SMAD2 leads to comparable level of chromatin opening with or without WNT priming. 

Given that SMAD2 can bind to the same genes with or without WNT priming but activates them 

to a different extent, it is possible that SMAD2 may have different activation potentials for different 

genes with or without WNT priming. Because TF activation is often accompanied by local 

chromatin opening, we carried out ATAC-seq to probe the changes in chromatin accessibility 

around TF binding sites. The ATAC-seq experiments were performed in the same conditions 

described above for RNA-seq (Figure 1A) with the E7 condition again used to calculate relative 

changes. The ATAC-seq profiles in all conditions are very similar showing that there is no global 

rearrangement of open chromatin regions in the transition from pluripotency to ME differentiation 

(Figure S5A–B). Furthermore, a vast majority of genes contain ATAC-seq peaks near their TSS 

and within transcript regions, regardless of their transcriptional status (Figure S5C). 

 

Despite the global similarities, there are quantitative changes in the ATAC signals over specific 

TF binding sites. For β-CATENIN, the ATAC-seq data clearly show that its binding sites are highly 

accessible before in E7 media, prior to WNT stimulation (Figure 3A). After 24 h WNT treatment, 

β-CATENIN associates with these pre-opened chromatin regions and further enhances the ATAC 

signals (Figure 3B). The level of enhancement correlates with β-CATENIN binding strength 

determined from ChIP-seq peak area (Estarás, Benner, and Jones 2015). Interestingly, such 

enhancement is reduced in the WNT à E7 sample, indicating that β-CATENIN dissociates from 

chromatin after WNT wash-out. In addition, the ATAC peaks drop to the same level in the WNT 

à ACT as in the WNT à E7 condition, suggesting that the presence of nuclear SMAD2 does not 

retain β-CATENIN on chromatin (Figure 3B).    

 

We performed the same analysis using SMAD2 binding sites. Note that we used both sets of 

SMAD2 ChIP data (Kim et al. 2011; Tsankov et al. 2015), although the two sets are highly similar 

(Figure 2A). This subset of ATAC signals is essentially identical in E7 and WNT conditions, 
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indicating that WNT signaling does not alter the chromatin environment near SMAD2 binding 

sites. In contrast, with both E7 à ACT and WNT à ACT treatment, ATAC-seq signals are 

enhanced over SMAD2 binding sites, and the level of enhancement correlates with SMAD2 

binding strength (Figure 3C–D). Therefore, such enhancement likely results from SMAD2 binding 

and subsequent opening of the local chromatin. Importantly, such enhancement is similar in E7 

à ACT and WNT à ACT, indicating that the activity of chromatin opening by SMAD2 is not 

dependent on WNT priming.   

 

Nuclear β-CATENIN is insufficient to drive ME differentiation with SMAD2. We have shown 

that WNT priming affects neither SMAD2 binding nor its ability to open chromatin. It has been 

proposed that the main TF that responds to WNT signaling, β-CATENIN, functions as a co-

activator of SMAD2, either through direct physical interaction (Funa et al. 2015) or cooperatively 

by recruiting RNA pol II (Estarás, Benner, and Jones 2015). β-CATENIN indeed tends to bind 

WNT-primed genes together with SMAD2 (Figure S6A–B). It is thus possible that during ACTIVIN 

treatment after WNT priming, the remaining β-CATENIN nuclear fraction cooperates with newly 

translocated SMAD2 to drive the expression of key ME genes (Figure 4A).  

 

Two pieces of evidence argue against this scenario. First, β-CATENIN rapidly accumulates in the 

nucleus after WNT presentation, reaching the peak concentration at ~6h (Massey et al. 2019). If 

the overlap between nuclear β-CATENIN and SMAD2/4 is the key for WNT priming, a shorter 

period of WNT treatment should be sufficient for ME differentiation. However, 6h of WNT priming 

followed by 24h of ACTIVIN is not able to activate ME genes (Figure 4B). The fact that WNT 

priming requires longer time strongly indicates that a product resulting from β-CATENIN 

activation, instead of β-CATENIN itself, is essential to turn on the ME differentiation program with 

ACTIVIN/SMAD2.   
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Second, we tested if the overlap between β-CATENIN and SMAD2 is necessary for ME 

differentiation. We repeated our WNT/ACT protocol but now added the drug endo-IWR1 at varying 

times from 0 to 12 h after the addition of Activin (Figure 5A). This drug triggers the degradation of 

β-CATENIN and therefore should control its overlap with SMAD2. Some genes are less activated 

by ACTIVIN when endo-IWR1 was added immediately after WNT treatment (0h), but the effect of 

the drug is much attenuated when added at later time points (4h, 8h, and 12h) (Figure 5B–C).  

Importantly, marker genes for definitive endoderm (DE), including SOX17, GATA4, and FOXA2, 

are also induced, indicating that ESCs can differentiate into more mature endoderm after the 

elimination of β-CATENIN. Combined with Figure 4, we conclude that the presence of β-CATENIN 

in the nucleus is not sufficient to start the ME program, and after 24h WNT priming, long-term 

overlap between β-CATENIN and SMAD2 is also not necessary for ME differentiation.    

 

EOMES is a potential effector for WNT priming. From the results above, we hypothesized that 

WNT priming generates another TF that functions as an essential SMAD2 co-regulator. Given our 

data in Figures 4 and 5, we suspect that this TF should be activated by 24 h of WNT treatment, 

and its expression should be further enhanced by the brief overlap of β-CATENIN and SMAD2 in 

the WNT à ACT condition. If that is the case, we expect this TF to bind in proximity to WNT-

primed genes in a WNT à ACT specific manner. Accordingly, we probed the binding signature 

of this TF by searching for enhanced ATAC peaks that require the combined action of WNT and 

ACTIVIN. In contrast to the general consistency of the ATAC peaks under various conditions, 

there was a statistically significant subset of 3983 peaks that are enhanced in WNT à ACT in 

comparison to both E7 à ACT and WNT à E7 (Figure 6A). The probabilities for such peaks to 

fall within 20k bp of WNT-primed genes in both the pulsing and stable ACTIVIN categories are 

significantly higher than the ones that are not primed by WNT, indicating that these ATAC-seq 

peaks correlate with transcriptional activation and therefore, are likely to represent enhancers 

(Figure 6B).  
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We analyzed motifs that are enriched in these WNT à ACT enhanced ATAC peaks, both 

genome-wide and the subset that is proximal to WNT-primed genes. In both cases, we found the 

EOMES motif to be the most significantly enriched motif (Figure 6C). Consistent with our 

expectation, EOMES is activated by WNT alone and becomes highly expressed in WNT à ACT 

condition (Figure 1B). EOMES tends to bind closely to SMAD2 in the vicinity of WNT-primed 

genes (Figure S6C–D), and it is essential for ESCs to differentiate into ME cells, including 

definitive endoderm (Teo et al. 2011; Li et al. 2019). In contrast, the TF with the second most 

enriched motif, BRACHYURY (Figure 6C), is not essential for ME differentiation (Tosic et al. 2019; 

Li et al. 2019). Of the remaining significantly enriched motifs that we found, the only other motif 

corresponding to a specific TF family belongs to the GATA family. GATA4/6 are key endoderm 

TFs, but their expression is not upregulated with 24 h WNT (supporting data for Figure 1C). 

Therefore, we conclude that EOMES is the most likely effector of WNT priming. 

 

Exogenous EOMES expression bypasses WNT priming to induce ME differentiation. If 

EOMES is the key factor mediating WNT priming, the prediction is that we can bypass WNT 

priming and achieve ME differentiation by artificially expressing EOMES. To test this hypothesis 

we generated RUES2 hESC lines with doxycycline(dox)-inducible EOMES using the piggyBac 

transposon system (TT-EOMES) (Lacoste, Berenshteyn, and Brivanlou 2009) (Figure S7A). 

Titration experiment shows that TT-EOMES is induced in these cells in a dox concentration- and 

time-dependent manner (Figure S7B). In particular, 6 h treatment with 0.1 µg/mL dox induces 

EOMES protein expression to a level comparable to the endogenous levels in our ME protocol 

(Figure S7B–C). According to previous studies, EOMES expression in the absence of ACTIVIN 

drives cells towards cardiac mesoderm fate by activating MESP1, and addition of ACTIVIN inhibits 

cardiac differentiation (van den Ameele et al. 2012). We observed the same trend of MESP1 

expression in our dox-treated TT-EOMES lines in the presence or absence of ACTIVIN (Figure 
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S7D). To avoid this unintended differentiation pathway, dox was applied in the presence of 

ACTIVIN in the protocol below.  

 

We next tested the ability of EOMES to differentiate cells towards ME in the absence of WNT by 

inducing TT-EOMES for 6 h with 0.05, 0.1, and 0.2 µg/mL dox in the presence of ACTIVIN, 

washing out dox, and measuring gene expression at different time points after dox removal 

(Figure 7A). This protocol generates a pulse of TT-EOMES expression, as its level decreases 

rapidly following the removal of dox (Figure 7B). Such transient TT-EOMES expression induced 

by 0.1 and 0.2 µg/mL, but not 0.05 µg/mL dox, was sufficient to drive the full complement of ME 

and DE genes, including the endogenous EOMES, at levels that match those obtained with WNT 

à ACT treatment of the wild-type, parental cell line (Figure 7C). Note that ME genes like EOMES 

and GSC are activated earlier than DE genes like SOX17, indicating that the cells driven by TT-

EOMES go through a normal differentiation process. EOMES can also induce the expression of 

WNT3 (Figure S7E) (Pfeiffer et al. 2018). To eliminate the possibility that TT-EOMES drives hESC 

differentiation through the production of endogenous WNT, we repeated our experiments in the 

presence of endo-IWR1. When applied to the unmodified hESCs in the WNT àACT protocol, 

endo-IWR1 completely blocks the activation of ME genes (Yoney et al. 2018). In contrast, endo-

IWR1 has little effect on the ME gene expression driven by TT-EOMES (Figure 7D). These results 

strongly suggest that EOMES is the effector of WNT priming, and exogenously expressed 

EOMES can drive ME differentiation in the absence of WNT signaling.  

 

There are three isoforms of human EOMES, and the experiments above were performed using 

the long isoform, isoform 1 (Figure S8A). Isoform 2 differs from isoform 1 by only a few amino 

acids, and the shorter isoform 3 skips an exon in the N-terminal. All three isoforms contain the T-

box DNA binding domain and the transcriptional activation domain, and we found reads 

supporting both the short and long isoforms in our RNA-seq data from the WNT à ACT condition. 
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We generated a second hESC line with dox-inducible EOMES isoform 3. Although the expression 

level of TT-EOMES(3) in this line is much lower even in the presence of saturating dox, we were 

able to induce differentiation using transient dox induction. In this case, the cells expressed higher 

levels of BRA and lower levels of other ME and DE makers (Figure S8B–C). These differences 

may be due to lower protein concentration independent of the specific isoform and/or inefficiency 

of this isoform at driving ME differentiation. Overall, our results provide a molecular mechanism 

of WNT priming and indicate that EOMES expression is sufficient to switch the output of ACTIVIN 

signaling from pluripotency maintenance to ME differentiation.  

 

Discussion 

In this work we provide a mechanism for our previous observation that WNT signaling primes 

hESCs to differentiate in response to ACTIVIN signaling (Yoney et al. 2018). We propose that the 

main function of WNT priming is to generate a sufficient level of EOMES that drives ME 

differentiation together with SMAD2. EOMES binds to its own promoter, and it was proposed that 

it can activate itself to maintain a high expression level during ME induction (Teo et al. 2011; 

Kartikasari et al. 2013). For hESCs to initiate this positive feedback loop, we propose that EOMES 

expression needs to reach a critical level, either through sustained WNT signaling in wild-type 

hESCs (Figure 5B, 24 h WNT but not 6 h is sufficient) or sufficient induction of TT-EOMES in our 

modified cell line (Figure 7B–C, requires >0.05 µg/mL dox for 6 h). While there is prior literature 

showing EOMES is a cofactor for SMAD2 in ME differentiation, we specifically found EOMES and 

SMAD2 co-binding enriched in genes sensitive to WNT priming (Figure S6), which establishes a 

critical link between WNT and ACT signaling in ME differentiation. Our proposed mechanism for 

WNT priming is summarized in Figure 8. 

 

Chromatin modifications have long been implicated in cellular memory as the term epigenetics 

implies. In Xenopus a delay between Wnt signaling and transcriptional onset was linked to an 
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epigenetic mechanism in which β-CATENIN recruits a histone methyltransferase to target genes 

and is required for their activation at the mid-blastula transition (Blythe et al. 2010). The 

competence of the Xenopus blastula to respond to Wnt signals was also shown to have a 

chromatin component (Esmaeili et al. 2020). Closer to our study, Tosic et al. showed that EOMES 

and BRA are required for ME gene expression in mouse and that their binding is associated with 

open chromatin. Wnt memory specifically was invoked in surprising experiments in the fly wing 

where it was shown that tethered Wnt had a very minor phenotype (Alexandre, Baena-Lopez, and 

Vincent 2013). Instead of spreading from the localized source at the DV boundary in the late wing, 

cells remember their earlier exposure when the wing disk was much smaller and Wnt signaling 

more widespread. Yet no mechanism was given for the memory. We did not find evidence for 

drastic changes in chromatin opening with WNT priming. However, it is still possible that histone 

modifications play a role in WNT priming and memory during differentiation of hESCs, with 

EOMES potentially recruiting the epigenetic modifiers (Kartikasari et al. 2013). 

  

In our prior work we began by dissecting the interaction of Wnt and Activin/Nodal in 

mesendoderm. Here we report that induction of EOMES at near physiological levels can replace 

the requirement for Wnt in ME induction and it does so without the involvement of β-CATENIN 

signaling. This extends prior work that places EOMES at the top of a hierarchy of TFs that along 

with SMAD2/3 regulate ME differentiation in mouse and humans (Teo et al. 2011; Kartikasari et 

al. 2013; Li et al. 2019). Interestingly, mutual activation of EOMES and WNT3 drives cardiac 

differentiation, an alternative pathway that is repressed by ACTIVIN/SMAD2 signaling (van den 

Ameele et al. 2012; Pfeiffer et al. 2018). Thus, signaling pathways and the key TFs which they 

activate create reciprocal context-dependent states that drive cellular differentiation during 

development.  

 

Materials and methods 
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ATAC-sequencing: Chromatin accessibility profiling was carried out using the Omni-ATAC-

sequencing protocol as an attempt to reduce mitochondrial DNA in our samples (Corces et al. 

2017). We obtained single cells using Gentle Cell Dissociation Reagent (STEMCELL 

Technologies), rather than Accutase or other enzyme-based reagents, which we found disrupted 

downstream processing steps. Cells (100,000 per condition) were resuspended in 50 µL lysis 

buffer (0.1% NP-40, 0.1% Tween-20, 0.01% Digitonin) prepared in resuspension buffer (10 mM 

Tris-HCl pH 7.4, 10 mM NaCl, and 3 mM MgCl2 in water) for 3 minutes on ice. We optimized the 

lysis time so that the outer membrane was disrupted as indicated by Trypan blue staining of the 

nuclei but that the nuclei remained intact. The lysis buffer was removed by washing with 0.1% 

Tween-20 in resuspension buffer, and the transposition was subsequently carried out in 50 µL 

reaction volume containing 25 µL 2X TD buffer and 2.5 µL Tn5 transposase (available as 

individual products upon request from Illuminia). The transposition reaction was incubated at 37 

°C for 30 minutes in a thermomixer set to 1,000 r.p.m. The transposed DNA was isolated using 

the Qiagen MinElute kit and was eluted in 30 µL of water in the final step. Library preparation was 

carried out using 10 µL of transposed DNA per sample as described previously with 10 - 11 cycles 

of amplification (Buenrostro et al. 2015). Our DNA tended to be under digested, so we performed 

doubled-sided bead purification using AMPure XP beads (Beckman). Libraries were sequenced 

as paired-end 75 bp reads, multiplexing all samples per experiment (7) on one lane of the Illumina 

High-Seq 500 platform at The Rockefeller University Genomics Resource Center. Two biological 

replicates for each condition were collected, processed, and sequenced from independent 

experiments.  

 

ChIP: For ChIP experiment in Figure 2B, we used a SMAD2/3 antibody (R&D systems, AF3797) 

in 2X10^6 hESCs that were treated with ACTIVIN for 2 h or 24 h with or without WNT priming. 

We used the Pierce™ magnetic ChIP kit and followed the procedure provided by the kit. Known 

Smad2 binding sites near GSC, NODAL, and CER1 genes were selected for subsequent qPCR 
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analysis based on previously published SMAD2/3 ChIP-seq data (Kim et al. 2011; Tsankov et al. 

2015). A region near CER1 gene that has low SMAD2/3 ChIP-seq signal was chosen as the 

negative control.  

 

Bioinformatics analysis: RNAseq data were aligned by Rsubread, and the read count 

associated with genes were analyzed by featureCounts. The differential fold changes and 

effective p-values were obtained using DESeq2. The data in Figure 1C and Table 1 include those 

genes that show a significant change (adjusted p-value < 0.01) in at least one of the four 

conditions relative to E7: (1) E7àACT, (2) 24 h WNT, (3) WNTàE7, or (4) WNTàACT. The k-

mean clustering was done using MATLAB kmeans function.  

 

The ChIP-seq and ATACseq data were aligned with bowtie2 for the hg19 reference genome and 

visualized using deepTools bamCoverage function. The peaks were identified using MACS2 

narrow peak calling. The area underneath the peak (like in Figure 2A, 3B, and 3D) were calculated 

using MultiCovBed function. The heatmaps in Figure 3A and C were generated using deepTools 

computeMatrix and plotHeatmap. The differential peaks in Figure 6A were identified using 

DESeq2 based on the areas underneath each peak. In Figure 6B, we collected the TSSs and 

TESs of genes in different categories (pulsing/stable) and examined if there are any WNT à ACT 

enhanced ATAC-seq peaks fall between 20kb upstream TSSs and 20kb downstream the TESs. 

The enriched motifs in the WNT à ACT enhanced ATAC-seq peaks were identified by AME with 

the HOCOMOCOv10 database against other ATAC-seq peaks that are not sensitive to the WNT 

à ACT condition.  

 

Data and software availability: Published datasets used in this study include β-CATENIN ChIP 

data (GSM1579346), SMAD2/3 ChIP data from pluripotent hESCs (GSM727557), SMAD2/3 ChIP 

data from human mesendoderm cells differentiated from hESCs (GSM1505750), and EOMES 
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ChIP data (GSM1505630 and GSM1505631). The RNA-seq and ATAC-seq data generated from 

this study have been deposited in NCBI's Gene Expression Omnibus. 
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Figure legends 

Figure 1. WNT priming and memory in hESCs. A) Experimental conditions used to induce a 

WNT-primed or mesendoderm state (ME). Cells are treated with 100 ng/mL WNT3A (WNT) and 

10 ng/mL ACTIVIN A (ACT), either alone or sequentially, in E7 medium. B) Expression of ME 

genes (EOMES, BRA, GSC) and pluripotent genes (NANOG, OCT4, SOX2) measured by rt-PCR 

in cells treated with the experimental conditions defined in (A). Data points represent the mean 

fold change relative to E7 for independent biological replicates. Bars and error bars represent the 

mean ± S.D., respectively, across n = 2 or 3 biological replicates. Differences between means 

that were determined to be significant are shown (*P<0.05, **P< 0.01, ***P<0.001, ANOVA). C) 

k-means clustering of RNA-seq data measured in 4 conditions (columns) revealed 4 clusters that 

could be annotated as follows: genes for which the expression increases in all conditions in which 

ACTIVIN is present (cluster 1, n = 415), all conditions in which WNT is present (cluster 2, n = 

224), or further activated by WNT+ACT (higher induction in WNT/ACT than WNT or ACT alone, 

cluster 3, n = 137). The fourth cluster represents genes that are repressed by the WNT/ACT 

condition (cluster 4, n = 435). The intensities represent log2 fold change of expression relative to 

the E7 condition. Only genes showing a significant change (adjusted p-value < 0.01) in at least 

one condition relative to E7 were included in the heatmap and clustering procedure. D) Memory 

of the WNT-primed state was tested by incubating cells for an additional day in E7 in the presence 

of SB431542 (SB, 10 μM) prior to presenting ACTIVIN (10 ng/mL). SB was used to eliminate 

ACTIVIN signaling during the first 48 h. After 24 h of ACTIVIN stimulation, cells were fixed and 

analyzed by immunofluorescence (IF) for EOMES, BRA, and SOX2 expression. Histograms 

showing the nuclear IF signal quantified in single cells (n > 5,000 cells per condition). 
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Figure 2. SMAD2 binds the same genomic loci with or without WNT priming. A) SMAD2 

ChIP peak intensity in ESCs vs. ME. The ChIP peaks were called either with data from pluripotent 

hESCs (Kim et al. 2011) or from hESCs derived ME cells (Tsankov et al. 2015). Independent of 

the cell type in which the peaks were called the levels of SMAD2 binding, measured by peak area, 

are similar in pluripotent hESCs and ME cells. R, Pearson correlation. B) SMAD2 ChIP signals 

over previously known SMAD2 binding sites near GSC, CER1, and NODAL genes, as well as a 

negative control region that does not show SMAD2 binding in the genome-wide datasets. The 

ChIP measurements were performed at 2 or 24 hours after ACTIVIN (10 ng/mL) application with 

or without WNT priming. The ChIP signal was normalized by the total input. Data represents the 

mean ± S.D. for n = 2 technical replicates.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.05.01.442278doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.01.442278
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

Figure 3. SMAD2 shows similar chromatin opening activity with or without WNT priming. 

A) ATAC-seq signals centered at β-CATENIN binding sites measured in five conditions indicated 

at the top. Rows represent genomic regions sorted by the β-CATENIN ChIP peak intensities 

(Estarás, Benner, and Jones 2015). B) Fold change of the ATAC-seq signals over the β-CATENIN 

binding sites in four conditions relative to E7. The five bars in each condition represent 5 quantiles 

of β-CATENIN binding strength. C) Same as in (A) except that ATAC-seq signals are centered at 

SMAD2/3 binding sites based on ChIP data from pluripotent hESCs (Kim et al. 2011). D) Same 

as in (B) except that the five bars represent 5 quantiles of SMAD2/3 binding strength (based on 

ChIP data in either pluripotent hESCs or ME cells).   
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Figure 4. Presence of nuclear β-CATENIN is not sufficient for ME differentiation. A) 

Schematic depicting the hypothesis to be tested that increased ME gene expression requires 

overlap of β-CATENIN and SMAD2/3. Cartoon showing the nuclear concentration of β-CATENIN 

and SMAD2 during the WNT/ACT treatment. B) Short WNT exposure is not sufficient to prime the 

cells for ME differentiation. Cells were treated for different amounts of time with WNT (100 ng/mL) 

prior to adding ACTIVIN (10 ng/mL). IWP2, which prevents cells from secreting WNT ligands, is 

used in this protocol to ensure that WNT signaling is restricted to the first 6 h. After 24 h of 

ACTIVIN stimulation, cells were fixed and analyzed by immunofluorescence for EOMES, BRA, 

and GSC expression. Histograms showing the nuclear IF signal quantified in single cells (n > 

5,000 cells per condition).  
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Figure 5. Long-term overlap between β-CATENIN and SMAD2 is not necessary for ME 

differentiation. A) Protocol for testing the effect of different amounts of β-CATENIN/SMAD2 

overlap on ME differentiation. We applied endo-IWR1 at different time points during the ACTIVIN 

phase, which continues to the end. The nuclear concentration of β-CATENIN is reduced by endo-

IWR1, thus reducing its overlap with SMAD2. B–C) rt-PCR analysis of (B) ME and DE genes or 

(C) pluripotent genes after 24h or 48h of ACTIVIN treatment (10 ng/mL) with endo-IWR1 added 

at different time points. Expression levels after standard E7/ACT and WNT/ACT treatment 

(negative and positive control, respectively) are also shown. Expression in each sample was 

normalized to GAPDH and then to the pluripotency levels (E7/ACT, 24h). Data represents the 

mean ± S.D. for n = 3 technical replicates.  
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Figure 6. EOMES motif is enriched in WNT/ACT-enhanced ATAC peaks. A) Heatmap of the 

ATAC-seq signals that are enhanced in WNT/ACT condition in comparison to WNT or ACT alone. 

B) Probability of finding these WNT/ACT-enhanced peaks near pulsing or stable genes (start of 

the gene - 20kb to end of the gene + 20kb) that are either sensitive or insensitive to WNT priming. 

***: p-value < 10-4, *: p-value <10-2. C) EOMES motif is the most enriched motif, followed by 

BRACHYURY (BRA) found in the WNT/ACT-enhanced peaks near genes that are WNT primed. 
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Figure 7. Exogenous EOMES expression bypasses WNT priming to induce ME 

differentiation. A) Protocol to assay ME differentiation in response to a pulse of TT-EOMES 

expression induced by doxycycline (dox). B–C) Time course analysis of (B) TT-EOMES and (C) 

endogenous ME and DE gene expression following transient TT-EOMES induction (6 h with 

variable dox concentration). Cells were collected at 0, 12, 24, and 48h during the ACTIVIN phase 

for rt-PCR measurements. Data points represent the mean fold change relative to pluripotency 

levels in the parental line (E7/ACT). The expression levels in wild-type parental cell line treated 

with WNT followed by ACT for 24 h or 48 h are shown for comparison. Bars represent the mean 

across n = 2 biological replicates. § expression in the parental line was not measured for these 

genes/time points. D) Similar to (B) except that endo-IWR1 (1 µM) was added to block WNT 

signaling. The bar plots show the mRNA levels of ME genes at different time points during the 

ACT phase with or without endo-IWR1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 1, 2021. ; https://doi.org/10.1101/2021.05.01.442278doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.01.442278
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 

Figure 8. EOMES is the main effector of WNT priming. (A) WNT signaling through β-CATENIN 

induces low levels of EOMES expression, which are further boosted by additional factors including 

SMAD2/3 and EOMES itself. When EOMES levels are sufficiently high, its expression can be 

maintained in the absence of WNT/β-CATENIN. (B) Likewise, sufficiently high levels of EOMES 

together with SMAD2/3 can drive additional genes required for complete ME differentiation.  
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